The tumor suppressor protein p53 interacts with DNA in a sequence-dependent manner. Thousands of p53 binding sites have been mapped genome-wide in normal and cancer cells. However, the way p53 selectively binds its cognate sites in different types of cells is not fully understood. Here, we performed a comprehensive analysis of 25 published p53 cistromes and identified 3,551 and 6,039 'high-confidence' binding sites in normal and cancer cells, respectively. Our analysis revealed 2 distinct epigenetic features underlying p53-DNA interactions in vivo. First, p53 binding sites are associated with transcriptionally active histone marks (H3K4me3 and H3K36me3) in normal-cell chromatin, but with repressive histone marks (H3K27me3) in cancer-cell chromatin. Second, p53 binding sites in cancer cells are characterized by a lower level of DNA methylation than their counterparts in normal cells, probably related to global hypomethylation in cancers. Intriguingly, regardless of the cell type, p53 sites are highly enriched in the endogenous retroviral elements of the ERV1 family, highlighting the importance of this repeat family in shaping the transcriptional network of p53. Moreover, the p53 sites exhibit an unusual combination of chromatin patterns: high nucleosome occupancy and, at the same time, high sensitivity to DNase I. Our results suggest that p53 can access its target sites in a chromatin environment that is non-permissive to most DNA-binding transcription factors, which may allow p53 to act as a pioneer transcription factor in the context of chromatin.
Introduction
The tumor suppressor p53 is a DNA-binding transcription factor (TF) that plays a pivotal role in preventing cancer growth.
1 p53 interacts with target DNA sites in a sequence-dependent manner, with the consensus motifs comprising 2 decanucleotides RRRCWWGYYY (R D A, G; Y D C, T; W D A, T), separated by a variable spacer. 2, 3 Two approaches have been used to map p53 binding sites. The first approach is a traditional, single-gene method that usually uses reporter-gene constructs to determine the specific DNA fragments interacting with p53 in vitro, 3 and these p53 sites are referred to as response elements (REs). The second approach is based on chromatin immune-precipitation (ChIP), an experimental technique used to investigate protein-DNA interactions in vivo 4 ; these p53 sites are denoted as ChIP fragments. p53 REs and ChIP fragments are distributed differently in the human genome. Compared to REs, most p53 ChIP fragments are found far from transcriptional start sites (TSSs), 5 and some of them reside in interspersed repeats such as retroviral terminal repeats (LTRs), 6 short interspersed nuclear elements (SINEs), 7, 8 and long interspersed nuclear elements (LINEs). 9 Interestingly, quite a few p53 REs 7 and ChIP fragments 8 reside in primate-specific Alu repeats, suggesting that Alu repeats play an important role in shaping the p53 regulatory network in the context of chromatin.
p53-DNA binding in vivo is influenced by local chromatin states. 10 The first evidence of this was reported in the seminal study by Espinosa and Emerson, who assessed the relative affinities of p53 for its 2 target sites within the CDKN1A/p21 promoter and found that p53 exhibits a higher affinity to the sites in the context of chromatin than in naked DNA. 11 Moreover, p53-dependent changes in histone acetylation have been observed at the promoters of many p53 target genes, including CDKN1A/p21 12 and MDM2 13 . H3 and H4 histone modifications have been observed for 20% of target genes after p53 is overexpressed. 14, 15 Recent studies revealed that the transcriptionally active histone mark, histone H3 lysine 4 trimethylation (H3K4me3), is associated with both p53 binding and transactivation of target genes, 16 and the repressive histone mark, H3K27me3, is detected in repressed p53 target genes. 17 All these observations suggest that p53 binding coordinates with histone modifications to regulate gene transcription. The level of DNA methylation at p53 binding sites was also shown to be critical for in vivo DNA binding.
TF-DNA binding in vivo is usually associated with open chromatin, which is characterized by increased DNase I sensitivity, 20 and an integrative analysis of ChIP fragments bound by 119 human TFs revealed that most TF binding sites are located in nucleosome-depleted DNase I sensitive regions. 21 However, another group of proteins (including p53) known as pioneer factors are able to interact with nucleosomal DNA. [22] [23] [24] Indeed, it has been shown that p53 can interact with nucleosomal DNA both in vitro, 25, 26 and in vivo. 26, 27 This finding is consistent with previous studies showing that well-known p53 REs including the p21 5 0 RE are often exposed on the nucleosomal surface 28 and occur in chromatin domains that are resistant to DNase I digestion. 29 Recent studies however have showed that the binding sites of 2 pioneer factors, progesterone receptor (PR) 30 and forehead box protein A2 (Foxa2), 31 occur in genomic regions with both high nucleosome occupancy and high sensitivity to DNase I, suggesting that high sensitivity to DNase I does not necessarily reflect nucleosome depletion. Whether p53 in vivo binding sites also occur in genomic regions displaying high DNase I sensitivity remains unknown.
All these studies suggest that p53-DNA binding in vivo is associated with multiple chromatin patterns (i.e., histone modifications, DNA methylation, nucleosome occupancy and DNase I sensitivity). Because normal cells (NCs) and cancer cells (CCs) are characterized by drastically different chromatin organization, 32, 33 we hypothesize that p53 binding sites derived from the 2 different types of cells exhibit distinct epigenetic patterns.
In the present study, we conducted a comprehensive analysis of 25 published p53 cistromes that include more than 120,000 p53 ChIP fragments from numerous NC and CC lines under various stress conditions. Merging these data sets produces 6,039 NC and 3,551 CC 'high-confidence' p53 ChIP clusters that include 3 or more overlapping ChIP fragments. These clusters are enriched in the endogenous retrovirus 1 (ERV1) repeat family of the human genome. We found that regardless of the cell type, the p53 ChIP clusters occur in genomic regions with high nucleosome occupancy and high DNase I sensitivity, which differs from most DNA-binding TFs. Finally, compared with their counterparts in cancer cells, the NC ChIP clusters are more likely associated with a higher level of transcriptionally active histone marks (H3K4me3 and H3K36me3) and DNA methylation, but a lower level of repressive histone marks (H3K27me3). In light of these findings, a new scheme was proposed to explain the distinct p53 genomic binding patterns in normal and cancer cells.
Results

Comparison between p53 binding sites identified in vitro and in vivo
To compare the p53 binding sites identified in vitro and in vivo, we collected 154 p53 REs (Table S1 ) and »120,000 p53 ChIP fragments from 25 published data sets, which include 42,020 NC ChIP fragments in 9 data sets and 77,796 CC ChIP fragments in 16 data sets (Fig. 1A , Table S2 ).
The NC ChIP fragments are significantly longer than those from CC lines (Wilcoxon test, p < 2.2 £ 10
¡16
; Fig. S1 ). Note that the longest p53 ChIP fragments came from human embryonic stem cells (hESCs) 34 and keratinocytes 35 (Fig. S2) . By contrast, the CC ChIP fragments have a narrower length distribution, with an average length of approximately 500 bp (Fig. S3) . Although the possibility of experimental variations cannot be ruled out, this difference in ChIP fragment lengths could be due to distinct chromatin structures in NCs and CCs. That is, cancer chromatin may have a more 'extended' structure due to global hypomethylation, 32, 33 which would facilitate chromatin shearing in ChIP-seq experiments. We note that the observed difference in ChIP fragment lengths between NC and CC groups is unlikely to have any effect on the following analysis.
To investigate how p53 REs identified in vitro overlap with p53 ChIP fragments obtained in vivo, we visualized p53 ChIP fragments in known target genes using the UCSC Genome Browser (Fig. S4) . We found that out of 154 p53 REs, 71 REs (46%) overlap with at least one NC or CC ChIP fragment (Table S1) .
For a detailed comparison, we selected 2 well studied p53 target genes, CDKN1A/p21 36 and PUMA. 37 We found that multiple ChIP fragments contain previously reported p53 REs in these 2 genes (Figs. S5 and S6), demonstrating a good agreement between p53 REs and ChIP fragments. Analysis of ChIP fragments in these 2 genes led to the following observations. First, normal and cancer cells differ in p53 ChIP occupancy at previously reported p53 REs. Consistent p53 occupancy is often observed in cancer but not in normal cell lines. For example, 14 out of 16 (88%) CC ChIP data sets show p53 occupancy at the 5 0 or 3 0 REs in the p21 promoter, whereas only 4 out of 9 (44%) NC data sets have signals at these positions (Fig. S5) . Likewise, 12 out of 16 (75%) CC data sets have p53 occupancy at the known PUMA RE, whereas only 2 out of 9 (22%) NC data sets show signals around the same position (Fig. S6) . Further analysis of NC data sets, for example, the ChIP fragments from keratinocytes, 35 showed that p53 occupancy at the p21 and PUMA REs occur in both untreated (control) and treated conditions. Because only drug-induced p53 ChIP fragments were analyzed in our study (see Methods), these ChIP fragments are not shown in Figure S5 and S6.
Second, in addition to known p53 REs, ChIP fragments overlap at other locations, which may have functional significance. For example, in the PUMA gene, 5 of 9 (56%) of NC data sets have p53 occupancy »2 kb downstream of the end of PUMA gene, while only 2 of 16 (13%) of CC data sets reveal detectable occupancy of this binding site, suggesting that it is likely to be NC-specific. On the other hand, in the p21 gene, multiple ChIP fragments are located at an intronic locus, »3.3 kb downstream of TSS (black arrow in Fig. S5 ). This genomic locus corresponds to a previously identified p53 binding site that can activate a variant of the p21 gene, p21B, to induce apoptosis. 38 This result suggests that superimposition of multiple ChIP fragments from different data sets helps identify functionally important p53 binding sites. Overall, we observed distinctive p53 binding patterns in normal and cancer cells under drug treatments, in agreement with earlier studies. 18, 19 Searching for high-confidence p53 binding sites in normal and cancer cells
We set out to assemble the NC and CC ChIP fragments into clusters across the human genome (hg18). About 40% of the ChIP fragments are singletons that are scattered throughout the genome, whereas the remaining fragments overlap with each other and form clusters (Fig. 1A and Table S3 ). The clusters are denoted pile-2, pile-3, pile-4, and so forth based on their coverage (i.e., number of overlapping members in a cluster). Our Monte Carlo simulation analysis showed that pile-3C clusters are highly unlikely to form by chance (p < 0.01, see Methods and Table S3 ), which suggests that these clusters reflect 'real' ChIP enrichment in normal and cancer cells.
Thus, we identified 3,551 NC and 6,039 CC pile-3C clusters (for brevity, denoted NC and CC ChIP clusters, respectively). We found that the lengths of NC and CC ChIP clusters differ significantly (Wilcoxon test, p < 2.2 £ 10 ¡16 , Fig. 1B ). We also found that 2,157 (61%) of the NC ChIP clusters overlap with the CC ChIP clusters, whereas 2,320 (38%) of the CC ChIP clusters overlap with the NC ChIP clusters (Fig. 1C, Tables S4-S5 ). This small discrepancy in the number of overlapping clusters (2,157 vs. 2,320) is likely due to the different length distributions in NC and CC ChIP clusters (Fig. 1B) . In other words, a typical NC ChIP cluster (»1,300 bp in length) may cover 2 CC clusters (»700 bp in length). The 2,320 ChIP clusters from CCs were included in the "normal/cancer" (i.e., N/C) group for the studies described below (because they have a higher number than their counterparts from normal cells). The ChIP clusters that are not shared by the normal and cancer data sets are put into the "CC-only" group or the "NC-only" group, respectively. Noticeably, most p53 ChIP clusters occur more than 10 kb away from the TSSs of the nearest genes, which is in sharp contrast to p53 REs (Chi-squared test p < 6.9 £ 10 ¡7 , Fig. S7 ). This result indicates that p53 binding sites identified in vitro and in vivo exhibit distinctive genomic distributions, consistent with earlier studies. 5, 7 Gene ontology analysis by DAVID 39, 40 revealed that ChIP clusters are enriched in genes involved in p53 signaling pathways. Consider the N/C group as an example. The most significant KEGG pathway is the "p53 signaling pathway," which has an enrichment score of 9.6 (Fisher's exact test, p < 0.01) (Fig. S8A ). For this reason, most of enriched gene ontology terms are related to p53 functions, including "regulation of apoptosis," "DNA damage response," and "regulation of cell cycle" (Fig. S8B) .
Distribution of p53 motifs in high-confidence binding sites in human repetitive elements
To examine the relationship between p53 ChIP clusters and repetitive elements in the human genome, we first identified (Table S2 ). The positions of ChIP fragments were converted to human genome assembly hg18 using the LiftOver utility in the UCSC Genome Browser. Overlapping ChIP fragments form clusters. A pile-3C cluster containing 3 or more overlapping members is denoted as a ChIP cluster and used for further analysis. p53 motifs (»20 bp in length) in each cluster using our previously developed computational method 7 based on a position weight matrix (PWM) formalism ( Fig. 2A ). This method scores DNA fragments based on their similarity to the consensus p53 binding motif. That is, the more similar to the consensus sequence, the higher the PWM score. A cutoff of 70% suggested in our previous study 7 was used. If multiple p53 motifs with the score 70% or higher are identified in a given p53 ChIP cluster, the motif with the highest score is selected. As a result, 3,298 (93%) motifs were identified in 3,551 NC ChIP clusters, whereas 4,791 (76%) motifs were found in 6,309 CC ChIP clusters (Tables S4-S5 ). Note that a substantial fraction of p53 ChIP clusters (»7% NC and »24% CC clusters) contains no obvious p53 binding motifs; a similar trend was also observed in other studies. 5, 41 There are several possible reasons for the lack of p53 binding motifs in these ChIP clusters. First, in certain cases, p53 binds DNA based on the topology of a DNA fragment, not on its sequence. 42 Second, p53 can bind to different motifs such as microsatellites in the PIG3 gene. 43 Third, p53 can be recruited to target sites through indirect DNA binding, as shown in the p53-dependent transcriptional repression of the survivin gene. 44 We found that the identified p53 motifs tend to occur close to the centers of p53 ChIP clusters for both NC and CC data sets (Fig. 2B) , suggesting that the length differences observed in Figure 1B have no effect on our analysis of p53 binding motifs. Moreover, the average motif scores increase with the coverage of p53 clusters (Fig. 2C) , indicating that the clusters with more overlapping members tend to have stronger p53 motifs. To check whether the p53 motifs overlap with repeat elements, we compared the locations of motifs and the RepeatMasker annotation of the human genome (hg18). We found that about 40% of the p53 motifs overlap with various types of repetitive elements, including LINE, SINE, LTR and simple repeats (Fig. 3A-C) , consistent with earlier studies. [6] [7] [8] [9] Analysis of the repeat-associated p53 motifs yielded the following observations. First, the fraction of repeat-associated p53 motifs increases with the coverage of the clusters (Fig. 3A-C) . That is, the highcoverage p53 ChIP clusters tend to occur in repetitive regions. Because the high-coverage clusters are likely to have stronger p53 motifs (Fig. 2C) , it follows that strong p53 motifs are likely to reside in repeats, consistent with earlier studies. 45 Second, the fraction of LTR-associated p53 motifs increases with the coverage of the clusters (orange lines in Fig. 3A-C) . Visual inspection of a LTR element on Chromosome 8 showed that a large p53 ChIP cluster (including 14 CC ChIP fragments and 7 NC ChIP fragments) overlap with it ( Fig. S9) , indicating that this LTR element is a 'strong' binding site of p53. Third, the fraction of ERV1-associated p53 motifs increases with the coverage of the clusters (blue lines in Fig. 3D-F) . Overall, about 12% of identified p53 motifs occur in ERV1 elements, which is much higher than the fraction of these elements (2.9%) in the human genome. 46 The percentage distribution in repeat families (Fig. 3A-C) and subfamilies ( Fig. 3D-F) is significantly different from the corresponding fractions in the human genome 46 for all groups and all coverage of clusters (Chisquared test, p < 0.05), except for the pile-3 clusters in Figure 3E .
Overall, our data are generally consistent with the conclusion of previous studies, 6 that p53 binding sites are highly enriched in ERV1 repeats. Moreover, we showed that ERV1 is the only repeat family in which NC and CC ChIP clusters are enriched, suggesting that other families such as SINE, LINE and simple repeats may play a less important role in p53 transcriptional programs.
High nucleosome occupancy and DNase I sensitivity at high-confidence p53 binding sites
To examine the chromatin organization around p53 binding sites, we started with 2 well-studied p53 target sites, the 5 0 RE and 3 0 RE in the CDKN1A/p21 promoter. It has been shown that both p21 REs are located within nucleosomal DNA in vitro and in vivo. 26 In such a case, we would expect to see that both 5 0 and 3 0 REs occur in genomic regions with relatively high nucleosome occupancy in the chromatin landscape of normal (GM12878) and cancer (K562) cell lines. Indeed, we observed increased nucleosome occupancy around the 2 p21 REs (Fig. S10) , which is about 2 times higher than the average occupancy in the human genome.
To check whether this tendency holds for the NC and CC p53 ChIP clusters, we calculated in vivo nucleosome occupancy profiles around the ChIP clusters in the NC-only, N/C and CConly groups. Clearly, for all 3 groups, the centers of ChIP clusters are located in the genomic regions with a significantly higher nucleosome occupancy compared with flanking DNA 1000 bp away (Fig. 4A-C , Wilcoxon test, p < 0.01). To determine whether the observed high nucleosome occupancy is related to intrinsic histone-DNA interaction, we used published data on the positioning of reconstituted human nucleosomes 47 and constructed in vitro nucleosome occupancy profiles for the p53 ChIP clusters. The nucleosome occupancy at the cluster , D) , the N/C group (B, E), and the CC-only group (C, F) were taken into consideration. RepeatMasker annotation of the human genome (hg18) downloaded from the UCSC Genome Browser was used for analysis. If a given p53 motif does not overlap with any repetitive element in the genome, it was designated as "Non_repeat." Otherwise, the motif was assigned to the corresponding repeat family and subfamily. The fractions of p53 motifs in repeat (sub)families and in the "Non_repeat" group were calculated with respect to the coverage of ChIP clusters.
centers is much higher compared with flanking DNA (Fig. S11) and this difference is statistically significant (Wilcoxon test, p < 10 ¡15 , Table S6 ). Thus, our results are consistent with the earlier findings that p53 binding sites usually reside within genomic regions with DNA sequences predicted to encode relatively high intrinsic nucleosome occupancy. 27 To examine the chromatin accessibility for NC and CC p53 ChIP clusters, we examined the profiles of DNase I sensitivity measured by DNase-seq in GM12878 and K562 chromatin (Fig. 4D-F) . We observed that genomic regions near the p53 ChIP clusters exhibit increased DNase I sensitivity compared with flanking DNA (Wilcoxon test, p < 10 ¡15 ), indicating that, in general, p53 ChIP clusters are located in accessible genomic regions.
In summary, we found that both NC and CC p53 ChIP clusters are characterized by 2 chromatin features. The first is high nucleosome occupancy, which is consistent with earlier reports on p53-induced DNA bending, 48, 49 and p53 interaction with its target sites exposed on the nucleosomal surface. 25, 28 This nucleosome-binding ability distinguishes p53 from most TFs, which have functional DNA binding sites that are often found in nucleosomedepleted regions in vivo. 21 The second feature is high DNase I sensitivity, which is shared by most TFs. 21 Thus, unlike most TFs, p53 binding sites have a unique combination of characteristics, high nucleosome occupancy and high DNase I sensitivity.
Epigenetic landscape around p53 ChIP clusters in normal and cancer cells
To further investigate the chromatin landscape around p53 ChIP clusters, we analyzed the histone modifications and DNA methylation data for GM12878 and K562 cells 50 which we downloaded from the ENCODE database. 51 It is well established that lysine methylation of histone H3 and H4 is implicated in either transcriptional activation or repression, depending on the methylation sites. In particular, trimethylation of K4 and K36 on histone H3 (H3K4me3 and H3K36me3) are active histone marks. H3K4me3 is often found at gene promoters, whereas H3K36me3 is associated with transcribed regions in gene bodies. 52 By contrast, trimethylation of K27 (H3K27me3) is a repressive signal, primarily found at promoters in gene-rich regions. (Table S6) .
We examined the epigenetic profiles of p53 ChIP clusters in the 3 groups and observed several interesting tendencies. First, NC p53 ChIP clusters have a higher level of transcriptionally active histone marks (H3K4me3 and H3K36me3) compared with their counterparts in cancer chromatin (Fig. 5 and Fig. S12 ). In particular, the NC p53 ChIP clusters in GM12878 chromatin have a significantly higher level of H3K4me3 and H3K36 me3 than the CC ChIP clusters in K562 chromatin (compare Fig. 5A and 5C, and Fig. S12A and S12C) . For the N/ C group, the ChIP clusters in GM12878 chromatin also exhibit a higher level of active histone marks than in K562 chromatin (Fig. 5B and Fig. S12B ). Since H3K4me3 and H3K36me3 are often found in active genes (i.e., at promoter and gene body, respectively), our data strongly suggest that p53-DNA interactions in NC chromatin are associated with gene activation. In other words, p53-dependent transcriptional activation is more likely to occur in NC chromatin than in CC chromatin.
Second, CC p53 ChIP clusters have a significantly higher level of repressive histone mark H3K27me3 than NC ChIP clusters ( Fig. 5D-F) . These data are consistent with the coupling of p53 binding in CC chromatin with transcriptional repression.
Third, the p53 ChIP clusters in the cancer-only group have a significantly lower level of DNA methylation than their counterparts in the NC-only group (Fig. 6A and 6C) . Localization of the p53 CC -only sites in genomic regions with low DNA methylation may be related to chromatin decondensation due to global DNA hypomethylation in cancer. Unexpectedly, for the p53 ChIP clusters in the N/C group, DNA methylation in K562 chromatin is higher than that in GM12878 chromatin (Fig. 6B) . Thus, in K562 cancer cell chromatin, the ChIP clusters in the N/C group exhibit a drastically different DNA methylation level from those in the CC-only group (Fig. 6B and 6C , Wilcoxon test, p D 8.0 £ 10 ¡13 ). These data suggest that the interplay between p53 binding and level of DNA methylation in CC chromatin is more complicated than that between p53 binding and histone H3 methylation.
Note that our data differs from the findings of a previous study 18 in 2 aspects. First, Botcheva et al. 18 reported that about 40% of p53 binding sites in NC chromatin (IMR90) are located <2 kb from TSSs, while only 15-20% of NC p53 sites were found in the same genomic regions in our study (Fig. S7) . Second, Botcheva et al. 18 observed that p53 binding sites (in (Table S6 ).
IMR90) are enriched in CpG islands and in hypomethylated DNA, perhaps due to their proximity to TSSs. Although it is highly probable that some NC ChIP clusters occur in hypomethylated DNA, our data indicate that overall, NC ChIP clusters tend to have a high level of DNA methylation (Fig. 6A) . Note that the Botcheva data (»800 ChIP fragments) are included in our analysis and account for »2% of the whole NC data set (Table S2 ). The observed differences are probably due to the methods used by Botcheva and colleagues to select the p53 binding sites from their ChIP-seq data.
Discussion
Over-representation of ERV1 family repeats in p53 high-confidence binding sites
As proposed in earlier studies, 53 the transposable elements (TEs) are indispensable for evolution of the regulatory networks. Nowadays, this idea has been supported by the discovery of numerous repetitive elements exapted as cis-regulatory sequences. 54 It has been shown that species-specific TEs can greatly shape the transcriptional network of many TFs in humans and mice by contributing up to »20% of functional binding sites. 55, 56 The tumor suppressor p53 is one of the TFs known to utilize TEs to expand its transcriptional networks. We and others have reported the existence of p53 binding sites in primate-specific interspersed repeats, including LTRs, 6 SINEs such as Alu, 7, 8 and LINEs. 9 In particular, we have discovered that 15% of the functional p53 REs (24 out of 160) are located in human repeats, and more than half of these repeat-associated REs reside in Alu elements. 7 Other studies 6, 8 focused on p53 ChIP fragments and found that 30-40% of ChIP fragments reside in repetitive regions. Note that only »300 p53 ChIP fragments from a cancer cell line were analyzed in these studies, which only accounts for 0.25% of total fragments analyzed in this work (Table S2 ). Our analysis showed that about 40% of p53 ChIP clusters occur in various classes of human repeats including SINE, LTR, LINE and simple repeats. We also found that p53 ChIP clusters are enriched in the ERV repeats, in agreement with the conclusion of previous studies. 6 Although ERVs only comprise »8% of the human genome, 46 they account for 30-40% of p53 pile-12C clusters (Fig. 3B-C) . About 70-90% of the LTR-associated p53 motifs reside in ERV1 elements (Fig. 3E-F) , highlighting an important role of the ERV1 repeat family in the p53 transcriptional program. Note that the ERV1 family is also over-represented in binding sites of pluripotency factors including OCT4 and NANOG in humans and mice. 56 These findings suggest that ERVs act as important transcriptional regulatory elements that may be involved not only in developmental and tissue-specific gene regulation, 57 but also in tumor suppression.
It is generally believed that p53 negatively regulates TE transcription and inhibits retrotransposition to maintain genome stability. For example, it was observed that p53, together with DNA methylation, is involved in the epigenetic silencing of TEs. 58 In several other studies it was also found that p53 represses the transcription of HERV-1-LTRs 59 and Alu elements. 60 However, in certain cellular contexts, p53 appears to increase the transcription of LINE-RNAs 9 and long intergenic non-coding RNAs (lincRNA) enriched in Alu repeats. 61 These studies show that the functional significance of p53 occupancy in the repetitive regions is still far from being clear.
Finally, we found that p53 ChIP clusters with high PWM scores tend to overlap with human repeats (Fig. 2C and 3A-C) . These data are consistent with Su et al. 45 that TE-associated p53 sites have a higher occupancy and correlate with stronger motif sequences, compared with non-TE-associated p53 binding sites. In this study, a strong correlation was described between occupancy and binding strength of p53 motifs. 45 In line with this view, our data suggest that the high occupancy of p53 in repetitive regions may be due to the existence of almost perfect p53 motifs in ERV LTRs 6 and Alu elements. High nucleosome occupancy and DNase I sensitivity: A characteristic chromatin feature of pioneer TFs including p53
The interaction between TFs and their cognate target sites is the central theme of gene regulation. In eukaryotes, DNA wraps Figure 6 . Profiles of DNA methylation around p53 ChIP cluster centers in the NC-only group (A), the N/C group (B) and the CC-only group (C). The MeDIP-seq data of the normal cell line GM12878 (blue) and the cancer cell line K562 (red) were used for this analysis. The MeDIP-seq data at genomic positions flanking the ChIP cluster centers were averaged and symmetrized across the centers (position 0). The differences between various groups at position 0 were evaluated statistically by Wilcoxon tests (Table S6) .
around histone octamers to form nucleosomes, which often occlude TF binding. Hence, efficient binding of a given TF to its target site is greatly reduced in the context of chromatin. 62 Therefore, a long-held notion is that TFs compete with nucleosomes to gain access to their binding sites. 63 This notion was supported by the comprehensive analysis of ChIP fragments bound by 119 human TFs, 21 which showed that on average the fragments are located in nucleosome-depleted, DNase I sensitive genomic regions.
However, recent studies have identified a group of TFs known as pioneer factors that can access their target sites in nucleosomal DNA (see ref 48 and (ii) the degree of p53-induced DNA bending correlates with binding affinity -the more pronounced the DNA bend, the higher the affinity of DNA interactions with p53 49 . Later, both experimental studies, 25, 26 and computational modeling 25 indicated that p53 can interact with its target sites on the surface of a nucleosome. These data are consistent with our observation that p53 binding sites are characterized with high nucleosome occupancy (Fig. 4) . Therefore, p53 can be considered as one of the pioneer TFs. 23, 24 A previous study showed that the 2 well-known p53 REs in the p21 gene reside in the DNase I-resistant domain. 29 By contrast, here we show that p53 ChIP clusters as a whole are in DNase I-sensitive regions (Fig. 4) . Thus, p53 binding sites exhibit an unusual chromatin pattern: high nucleosome occupancy and high DNase I sensitivity, which distinguishes it from most DNA-binding TFs. 21 Note that this unusual chromatin pattern is also observed for the binding sites of the pioneer factors PR 30 and FoxA2 31 . Therefore, we suggest that enhanced nucleosome occupancy and DNase I sensitivity may be a general feature of p53 and other pioneer TFs. This unique combination of chromatin features would allow access of pioneer TFs to their binding sites in chromatin before the access of other TFs.
A new model for differential p53 binding to normal and cancer chromatin
We conducted a comprehensive analysis of p53 ChIP clusters from various NC and CC lines. Our work demonstrates that the p53 sites in NC and CC chromatin are characterized by distinct epigenetic features, highlighting the important role of the chromatin context in modulating p53 occupancy in vivo. 11, 64, 65 In light of these findings, we propose a hypothetical model for distinctive p53 binding patterns in NCs and CCs (Fig. 7) .
The NC p53 ChIP clusters are often found in genomic regions characterized by high levels of transcriptionally active histone marks such as H3K4me3 and H3K36me3 (Fig. 5) . These data are consistent with earlier studies 16 showing that both p53 binding and transactivation are associated with increased H3K4me3 levels. p53-dependent H3K4 methylation is mediated by histone-lysine Nmethyltransferase SET1/MLL, which is enhanced by p53-and p300-dependent H3 acetylation. 66 Note that H3K4me3 is often found in promoter regions, consistent with our observation that a substantial number (20-25%) of NC p53 binding sites are located <5 kb from a TSS (Fig. S5) .
By contrast, the CC p53 ChIP clusters are distinguished by a decreased level of active histone marks (H3K4me3 and H3K36me3) (Fig. 5) and an increased level of repressive histone marks (H3K27me3) (Fig. S12) . Moreover, the CC p53 sites are characterized by a lower level of DNA methylation, compared with their counterparts in normal cells (Fig. 6C) , which may be due to genome-wide DNA hypomethylation in CC chromatin. 32, 33 We hypothesize that global DNA hypomethylation in cancer cells decondenses normally closed chromatin domains, which allows p53 to access new cognate sites in these domains. Taken together, these data suggest that many of these newly exposed p53 binding sites in CC chromatin fall within either genomic regions with repressive histone marks or "protoenhancers" that are devoid of classic chromatin modifications. 24 This may explain why, on average, p53 ChIP clusters in CCs have low levels of active histone marks and high levels of repressive histone marks (Fig. 5) . In either case, p53 can engage with its target sites in silent chromatin via pioneer factor activity and, in an appropriate cellular context, can recruit co-factors to activate the enhancers. 24 This pioneer activity requires the unique ability of p53 to interact with its target sites in a chromatin state that is non-permissive to most TFs.
Our study provides a simple clue to understanding the distinct p53 genomic binding patterns in normal and cancer cells. That is, p53 binding sites in NCs often occur in active chromatin characterized by H3K4me3 and H3K36me3 marks, which may be coupled with gene activation. By contrast, p53 binding sites in CCs are often found in repressive chromatin characterized by a high level of H3K27me3, which is likely to be associated with gene repression. This model could be tested by the analysis of gene expression data in normal and cancer cells. Understanding p53-dependent gene activation and repression in the context of NC and CC chromatin will shed new light on the complicated cellular mechanisms underlying p53 transcriptional regulation.
Materials and methods
p53 response elements and ChIP fragments
The largest set of functional p53 REs so far has been collected, 3 and comprises 156 binding sites. Note, however, that a p53 site from human hepatitis B virus (HBV) and the overlapping sites from the CDKN1 A/p21 gene were included in this data. We removed the HBV site and one of the p21 sites. The final list contains 154 REs. Based on the sequences of the p53 REs, we identified their genomic locations in the hg18 human reference genome (Table S1) .
A total of 25 data sets of p53 ChIP fragments were collected (Table S2 ), including 9 from NC lines and 16 from CC lines. The locations of the fragments were downloaded from the papers and, if needed, 'converted' to corresponding locations in the human genome assembly hg18 using the LiftOver utility at the University of California Santa Cruz (UCSC) Genome Browser web server.
Note that the data sets in Table S2 are associated with drug treatments. Only the p53 ChIP fragments caused by certain drug treatment were used for analysis. That is, if a ChIP fragment was found under the untreated (control) condition, it was excluded from analysis even though it was also found under treated conditions. As well, only genomic binding data sets mapped with endogenous wildtype p53 were selected in this study. Those data sets with p53 mutants, [67] [68] [69] family members 70, 71 or p53 in other mammals 17 were not used.
Non-ENCODE nucleosome data sets
Nucleosomes were reconstituted with human granulocyte DNA and recombinantly derived histone octamers to produce a genome-wide in vitro nucleosome map. 47 The raw sequence reads from these nucleosomes were downloaded from the NCBI Gene Expression Omnibus (GSE25133). The reads were mapped to human genome assembly hg18 using the Bowtie aligner with the default settings. Only the reads that were uniquely mapped to the genome were used and these reads were extended to 147 bp in the 5 0 to 3 0 direction. Normalization of nucleosome occupancy across the genome was performed as described before. 72 Briefly, for each nucleotide position in the genome, the total number of nucleosomal DNA sequences covering this position was divided by the average number of nucleosomal sequences per base pair across the genome. The resulting value was assigned to this position as the normalized nucleosome occupancy value.
ENCODE MNase-seq, ChIP-seq, MeDIP-seq, and DNase-seq data sets
The MNase-seq reads for in vivo nucleosomes in both GM12878 and K562 cell lines were downloaded from the UCSC Genome Browser FTP server (ftp://hgdownload.cse.ucsc.edu/goldenPath/ hg19/encodeDCC/wgEncodeSydhNsome/). The BAM files in the human genome assembly hg19 were downloaded. The BAM files were then converted to SAM files using SAMtools. 73 The reads were then extended to 147 bp in the 5 0 to 3 0 direction, and the normalized nucleosome occupancy at each position was calculated, as described before. 72 The normalized values at each position were smoothed with a 60-bp window.
The ChIP-seq data for histone marks H3K4me3, H3K27me3 and H3K36me3 from both GM12878 and K562 cell lines were downloaded from the UCSC Genome Browser web server (http://genome.ucsc.edu/cgi-bin/hgFileUi?dbDh g19andgDwgEncodeUwHistone). The BAM files in human genome assembly hg19 were downloaded. The BAM files were then converted to SAM files using SAMtools. The start position of each read was shifted by 73 bp in the 5 0 to 3 0 direction. The values at each position were smoothed twice with a 60-bp window.
DNA methylation MeDIP-seq data and DNase-seq data from both GM12878 and K562 cell lines were downloaded from NCBI GEO data sets (GSM1368906, GSM1368907, GSM816655 and GSM816665). The BigWig files in human genome assembly hg19 were downloaded. The values at each position were smoothed with a 60-bp window. In normal cells, p53 binding often occurs in genomic regions close to the gene TSS, characterized by high levels of DNA methylation (filled circles) and active histone marks such as H3K4me3 (green dots on histone tails). By contrast, the p53 binding sites in cancer cells are characterized by low levels of DNA methylation (empty circles) and high levels of repressive histone marks (red dots on histone tails). Reduction of DNA methylation levels leads to chromatin decondensation, which helps to expose p53 sites that are normally embedded in closed chromatin domains. Thus, the shift of the genomic binding patterns of p53 in cancer cells appears to reflect cancer-associated epigenetic dysregulation. Both normal and cancer p53 binding sites are enriched in ERV1 retroviral elements.
Since the p53 ChIP clusters are in human genome assembly hg18, the UCSC LiftOver utility was used along with the hg18-hg19 chain file to convert the sites to their corresponding positions in human genome assembly hg19 to make the profiles.
Monte carlo simulation
A Monte Carlo simulation was performed to assess the background level of overlapping ChIP fragments obtained from published studies (Table S2 ) using BEDTools. 74 In the simulation, 42,020 genomic DNA segments (1290 bp on average) and 77,796 segments (663 bp on average) were randomly selected from human genome assembly hg18, and the number of fragments overlapped with others was determined. This process was repeated 100 times to compute the percentage of randomly selected DNA fragments that overlapped. The results are shown in Table S3 .
For NC ChIP fragments, we estimated that about 11% of pile-2 clusters, 0.5% of pile-3 clusters and <0.001% of pile-4 clusters can be formed by random sampling. Similar results were obtained for CC ChIP fragments. This suggests that about 88% of the pile-2 and over 99.5% of pile-3 or higher (denoted as pile-3C) clusters likely represent real ChIP enrichment events in normal or cancer cells. Because the pile-2 clusters contain a substantial number of false positive clusters (»12%), we selected pile-3C clusters for further analysis.
Repeat analysis
Human repetitive region positions in human genome assembly hg18 were downloaded from the UCSC Genome Browser. The repeat elements were identified using RepeatMasker (v3.2.7) and Repbase Update (9.11). The major types of repeat elements were selected for analysis, including SINE (Alu, MIR), LINE (CR1, L1, L2 and RTE), LTR (ERV1, ERVK, ERVL and Gypsy), Simple Repeat ((TG) n , (TCG) n , (CACTC) n , (GAGTG) n , and (TATATG) n ), Low Complexity (C-rich, GC-rich, GA-rich, CTrich), DNA (MuDR, PiggyBac, TcMar-Mariner, hAT-Charlie). The remaining repeat types were included into the "Other" category.
A p53 motif was classified to be in a repeat (sub)family if it overlaps with any repeat element in that (sub)family. The p53 motifs that are not covered by any repeat elements are classified as a "Non_repeat" group.
Functional annotation
The enriched biologic pathways were identified by DAVID 6.7 39, 40 using the genes associated with p53 ChIP clusters. If the TSS of a gene was located within 5 kb from the center of a ChIP cluster, this gene was selected for the analysis. Most enriched pathways were determined using DAVID Annotation Chart Analysis and the Kyoto Encyclopedia of Genes and Genomes (KEGG) database. All genes associated with the ChIP clusters in the NC-only, N/C and CC-only groups were analyzed by DAVID as a group.
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